weaned, male APPswe X PS1⌬E9 mice were exposed transcripts encoded by genes associated with learnto an enriched environment conditions for 5 months, ing and memory, vasculogenesis, neurogenesis, cell after which time the brains of these animals were examsurvival pathways, A␤ sequestration, and prostaglanined using biochemical and histological approaches. din synthesis. These studies provide evidence that
To examine a possible correlation between the extent of these animals in the "enrichment" cage. Seven male mice at the age of 1 month were maintained in standard of amyloid deposition and activity of the mice in the enriched environment, we documented the behavior of housing conditions for 5 months, and these served as the control group. Animals were euthanized and brain six enriched mice during the last month prior to sacrifice. Some mice were highly active, spending more than sections were probed with 3D6 antibodies, specific for an epitope at or near the amino terminus of Aβ (Kim et 40% of their enrichment time running on the running wheels, while others had low activity (Figure 2A ). Real., 2001). Bound antibodies were detected by fluorescently labeled secondary antibodies and visualized by markably, enriched mice exhibiting high activity levels showed the most significant reductions in amyloid burconfocal microscopy. We observed a dramatic reduction in amyloid deposition in the cortex and hippocamden ( Figure 2B) . Thus, at least in this small cohort of animals, exercise appears to play a significant role in pus of enriched mice compared to standard housing counterparts ( Figure 1A ). Morphometric analysis of 3D6-modulating amyloid deposition. 
Reduction of A␤ Levels in Brains of Enriched Mice
were considerably lower than those from standard housing mice. (Figures S1Ac and S1Ad, compare lanes We considered the possibility that reduced Aβ deposition in brains of enriched mice is due to lower steady-10-16 with lanes 5-9, respectively). Considerable differences were observed in levels of detergent-extractable state levels of Aβ itself. To examine this issue, we prepared detergent and formic acid extracts of hemibrains Aβ peptides detected by Aβ N-terminal-specific antibody 3D6 (see Figure S1Ac) or an end-specific antifrom seven standard housing animals and six enriched mice and quantified Aβ levels in these samples. cernable impact on APP processing in the CNS, this procedure has a profound impact on the steady-state To assess whether alterations in APP processing might account for the reduction in Aβ levels, we subjected levels of Aβ peptides. detergent-soluble extracts to Western blot analysis to examine the steady-state levels of APP, soluble APP Elevated Activity of Neprilysin, an A␤-Degrading Protease derivatives (sAPP), membrane-tethered APP carboxylterminal derivatives (APP-CTF), and Aβ peptides. We Our finding that cerebral levels of soluble Aβ x-40 were reduced in brains of enriched mice suggested that there noted slight variations in levels of full-length APP in brain extracts prepared from both standard housing might be an increase in the activity of an Aβ-degrading protease. Taken together with our finding that insoluble, and enriched groups, but these were fully consistent with the variations observed with a protein-loading highly fibrillogenic Aβ x-42 peptides were reduced further suggested that an Aβ clearance and/or degradation control, α-tubulin (see Figures S1Aa and S1Ad, respectively, in the Supplemental Data available with this artimechanism(s) might be enhanced. We first considered the possibility that the activity of Aβ-degrading protecle online; quantification in Figure S1Ba) . Similarly, differences in levels of APP-CTFs levels between samples ases might have been upregulated in the brains of mice exposed to enriched environment. To test this proposal, parallel the variation in full-length APP or α-tubulin (Figure study is that NEP activity was significantly elevated in brain extracts from enriched mice compared to stan-2003). We first examined NEP activity in brains of 6-month-old nontransgenic mice compared to 6-monthdard housed animals ( Figure 4A ). Moreover, NEP activity was inversely related to amyloid deposition in the old standard housing mice ( Figure 4A ) and found that there was slight reduction in NEP activity in brain exbrains of enriched mice ( Figure 4B ). In contrast, IDE activity in extracts from brains of enriched and stantracts of the transgenic animals ( Figure 4A ). We considered the possibility that the reduction in neprilysin acdard housing mice were quite similar ( Figure 4C ). We interpret our studies to suggest that reductions in Aβ tivity in the brains of transgenic animals with amyloid deposition might be the result of competition from high levels in enriched mice might, at least in part, be the consequence of elevated NEP activity. levels of endogenous Aβ in the assay preparation. To examine this issue, we measured NEP activity in brain extracts from three 6-month-old nontransgenic mice Elevated Expression of Immediate Early Genes in Brains of Enriched Mice "spiked" with up to 2000 pmols/gm purified Aβ 40. These studies failed to reveal any inhibitory effect of purified Although elevated NEP activity in brains of enriched mice might contribute to the lowering of Aβ levels and Aβ on endogenous NEP activity (data not shown). While there is no clear explanation for the observed difference Aβ deposition, it was equally conceivable that additional mechanisms might be operative that influence in NEP activity between nontransgenic and standard housed mice, the observation is consistent with the aspects of Aβ production and/or deposition. In order to develop an unbiased understanding of gene expression finding that, in AD brain, neprilysin is reduced w50% relative to controls in regions of high plaque content changes that occur in brains of enriched mice, we employed a two-step microarray analysis strategy of a cobut is unchanged in brain areas with moderate or low hort of APPswe X PS1⌬E9 mice that were exposed to to enrichment phenotype in both of the technical and biological replicate experiments ( Figure 5A ). environmental enrichment from the time of weaning for 2 months to a cohort of mice housed under standard In addition to the validation strategy across the two cohorts of animals, we performed a direct groupwise conditions. The 3 month time point was chosen to uncover transcriptome changes that preceded amyloid comparison of the seven enriched and eight control animals. In addition to the same 17 genes identified with deposition and to maximize the discovery of transcriptome changes that may be causally related to alour first comparison strategy, we found 24 more probe sets that showed a highly significant (p < 0.01 and terations in Aβ metabolism and the development of micropathology. This strategy also allowed us to avoid ALR > |0.263|) change across the enriched and control animals ( Table 2) FDR of 5.5% ( Figure S3 ). These results showed also a high concordance with a secondary Significance AnalyWe first performed duplicate microarray analysis on hippocampal tissue from three enriched and four stansis of Microarrays (SAM) examination. Of the total of 41 probe sets, 13 were redundant and encoded six of the dard housing mice. Based on this data set, we defined an enrichment-dependent transcriptome profile. The same genes. Interestingly, the enriched animals reported more frequent and more robust (36/41 probe validity of the determined profile, which also served as our hypothesis, was tested in a second microarray exsets; mean ALR = 0.55) overexpression of genes than downregulation of transcripts (5/41 probe sets; mean periment on a new cohort of four enriched and four control mice at 3 months of age. Using this biological ALR = −0.31). Two-way clustering of the expression data of these 41 probe sets also separated the enriched replicate data set validation strategy, 17 genes were identified as differentially expressed (Table 1 ) with a and control animals according to their correct phenotypes ( Figure 5B) . Again, the vast majority of genes false discovery rate of <5.9% ( Figure S2) . Sixteen of the genes showed increased expression in the hippocampi showing expression change were related to early transcriptome activation, and these genes encoded polyof enriched animals, while a single gene transcript was underexpressed. The vast majority of these transcripts peptides involved in a variety of processes associated with learning and memory, vasculogenesis, neurogenare encoded by immediate early genes (IEGs) that control early transcriptional activation. Two-way hierarchiesis, and cell survival pathways (see Discussion). In addition to the latter "data-driven" analysis apcal clustering in Genes@Work (Califano et al., 2000) for the 17 genes correctly classified the samples according proach, we also performed a "knowledge-based" ex-ploration of our data set. Namely, the levels of transtandard housing conditions. Remarkably, the reduction in Aβ burden in this cohort of enriched mice is inscripts encoding transthyretin (TTR), prostaglandin D2 versely correlated with physical activity, as defined as synthase (PDGS2), insulin-like growth factor 2 (IGF2), the time spent on the running wheel. It is important to note that, in contrast to our findings, in the animals that were subject to environmental enJankowsky and colleagues recently reported that envirichment. Three independent probes reported an 11.2-ronmental enrichment enhances amyloid deposition to 44.3-fold increase in TTR transcripts (one-tailed p < and steady-state Aβ levels in a different mouse strain 0.05; Figures S4A and S4B) . Furthermore, two indepenthat coexpresses APPswe and PS1⌬E9 (Jankowsky et dent PDGS2 probes reported a 2.1-to 2.3-fold upregual., 2003). However, we note several critical differences lation in the experimental mice (p = 0.002; Figure S4C Table 2 . Figure layout similar to that described in Figure 5A . These genes included all the 17 gene probe sets showing differential expression identified in Figure 5A and Table 1 . For six genes, multiple probe sets obtained identical results. Of the 41 probe sets, only five reported decreased expression. aprotinin. The samples were centrifuged at 1000 × g for 20 min at PS1⌬E9 C3H/HeJ × C57BL/6J F3. Mice were screened for the 4°C and the supernatant fraction centrifuged again at 100,000 × g blindness-causing retinal degeneration rd mutation and found to for 10 min. The 100,000 × g supernatant fraction was used for IDE be wild-type (data not shown). 
